Breast cancer is a heterogeneous disease, and the influence of stromal gene and protein expression patterns on the biological and clinical heterogeneity of the disease is poorly understood. We previously demonstrated that evaluation of the gene expression patterns of two soft-tissue tumors (desmoid-type fibromatosis (DTF) and solitary fibrous tumor) could be used to identify distinct stromal reaction patterns in breast carcinoma. In the current study, we examined four additional data sets obtained from four different institutions and containing gene expression data from a total of 561 breast cancer patients. We identified a core set of 66 DTF-associated genes that were consistently coordinately expressed in a subset of 25-35% of breast cancers. Breast carcinomas defined by high levels of coordinated expression of DTF core genes tend to be lower grade, express estrogen receptor, and show significantly longer survival across the four data sets. Using multiple tissue microarrays of archival breast cancer specimens obtained from a total of 745 patients, we demonstrated that a subset of breast cancers show coordinate expression of DTF core proteins by stromal cells in the tumor microenvironment. We evaluated the protein expression of a single DTF core protein (SPARC) on a tissue microarray with clinical outcome data and demonstrated that breast cancers with strong stromal protein expression of SPARC show a trend for increased survival. Our data demonstrate that the DTF core gene set is a robust descriptor of a distinct stromal response that is associated with improved clinical outcome in breast cancer patients.
Epithelial carcinogenesis results, in part, from acquisition of genetic mutations in the epithelium, leading to initiation and progression of carcinomas. In the past decade, important epithelial cancer genes, and the pathways they control, have been identified, permitting development of therapies targeted at specific altered pathways. 1, 2 Carcinoma cells live in a complex microenvironment that includes a variety of non-epithelial cell types, including fibroblasts, smooth-muscle cells, cells composing the vasculature, and inflammatory cells, as well as diffusible growth factors and cytokines. [3] [4] [5] Carcinoma-associated stromal cells adopt an altered phenotype, characterized by increased proliferative activity and enhanced secretion of extracellular matrix proteins, serine proteases, matrix metalloproteinases, and growth factors. 6 The altered phenotype of the carcinoma-associated stromal cell is thought to allow it to function as a 'coconspirator' in cancer initiation and progression, and heterotypic signaling between epithelial tumor cells and stromal cells profoundly influences many steps of tumor progression. 3, 7, 8 The expression profiles of carcinoma-associated stromal cells are only partially known, and it is likely that several currently unrecognized subtypes exist. 9, 10 Most studies of tumor stroma consider it as a relatively uniform entity, and the contribution of inter-patient stromal variability to the biological and clinical heterogeneity of breast cancer is only beginning to be recognized and understood. [11] [12] [13] [14] [15] [16] We hypothesize that within a particular group of tumors (eg, breast carcinoma) there exist distinct types of stromal reaction patterns that affect tumor growth in different ways. We propose that fibroblastic soft-tissue tumors, which are thought to be clonal outgrowths derived from distinct subtypes or precursors of fibroblasts, and which yield relatively pure and consistent gene expression profiles, can function as discovery tools for identifying distinct fibroblastic reaction patterns. 17 In a proof-of-principle study, we used gene expression profiles from two different fibroblastic soft-tissue tumors, desmoid-type fibromatosis (DTF) and solitary fibrous tumor (SFT), to identify new subtypes of tumor stroma. 15 In comparing the SFT and DTF gene expression profiles, we found a remarkably large number of differentially expressed genes. One of the more striking differences was in the variation of genes involved in the fibrotic response and basement membrane synthesis. Many genes highly expressed in DTF are also expressed during scar formation, such as type-I and type-III collagen, and profibrotic signaling proteins such as connective tissue growth factor (CTGF) and transforming growth factor-b (TGF-b). In contrast, genes highly expressed in SFT include those typically found in epithelial-support stroma, including a number of genes associated with basement membrane function. We examined the expression patterns of DTF-and SFT-associated genes in a large publically available breast cancer data set from the Netherlands Cancer Institute (NKI), 18 and showed that the subset of breast cancers with high levels of coordinated expression of DTF-associated genes demonstrated significantly better outcome, and tumors identified by elevated levels of expression of SFT-associated genes had a much worse outcome. 15 Due to the high dimensionality of gene array data, associations between elevated levels of expression for a group of genes with outcome should be interpreted with caution. 19 In fact, results from a number of expression profiling papers could not be reproduced on separate data sets, 20 and there is consensus in the biomedical community that demonstrating reproducibility of gene-expression signatures in independent data sets is essential for establishing their robustness and validity. 21, 22 In the current paper, we sought to establish the validity and robustness of the DTF expression signature in breast carcinoma. First, we evaluated the expression of DTF-associated genes in four independent breast cancer data sets and show that in each data set a subset of breast cancers demonstrate increased coordinate expression of DTF genes and these breast cancers show improved survival. Second, we identified the core subset of DTF genes that are consistently and coordinately expressed in breast cancer across a total of five data sets. Third, using breast cancer tissue microarrays (TMAs), we showed that these DTF core proteins tend to be coordinately expressed in breast cancer stroma. Fourth, we performed functional gene-set analysis using a variety of computational techniques to demonstrate that the DTF core gene set is highly enriched for genes known to function in the extracellular matrix, and that the DTF core gene set encodes proteins that are predicted to operate in common functional modules in the regulation of the extracellular matrix. Through integrated use of gene expression analysis, breast cancer TMAs, and functional gene set analysis, we have characterized a distinct and robust stromal response that is consistently seen in a subset of breast carcinomas and correlates with improved survival.
MATERIALS AND METHODS
The DTF/SFT Gene Set The DTF/SFT gene set consists of 786 gene spots that were significantly differentially expressed between DTF (n ¼ 10 cases) and SFT (n ¼ 13 cases), as described by West et al.
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The list contains 493 gene spots that showed increased expression in DTF and 293 gene spots that showed increased expression in SFT (false discovery rate ¼ 0.13%).
Breast Cancer Data Sets
We searched for publicly available data sets containing gene expression data from tumor samples of invasive breast carcinoma with clinical follow-up documenting at least one of the following: disease-free survival, disease-specific survival, or overall survival. Data sets were excluded if clinical data were not available. Following application of these inclusion and exclusion criteria, we identified a total of four data sets (the Perreard data set, 23 GSE1379, 24 GSE1456, 25 and GSE3494 26 ), which contain gene expression data on a total of 561 cases with clinical follow-up, in addition to the NKI data set 18 previously analyzed. In the current study, we used the NKI data set to contribute to development of the DTF core gene signature and to correlate the DTF core gene signature with clinicopathological features not evaluated in our initial publication. Detailed information on the five data sets can be found in the Supplementary Information.
Data Analysis
For all data sets, the expression data were downloaded and imported into the dChip 2006 software (http://bio sun1.harvard.edu/complab/dchip/). Expression data were standardized gene-wise by subtracting the mean and dividing by the standard deviation of the expression values for each gene. Unsupervised hierarchical clustering was performed with the Cluster 3.0 software (http://bonsai.ims. u-tokyo.ac.jp/~mdehoon/software/cluster/software.htm#ctv), using uncentered Pearson correlation as the distance metric and average linkage clustering. The resulting heatmap and dendrogram were visualized with Java Treeview (http:// jtreeview.sourceforge.net/).
Determination of DTF Core Gene and DTF-Like Case Clusters
To create an objective and reproducible rule to define the DTF core gene cluster and DTF-like case cluster in each data set, we defined the DTF core gene cluster as the cluster of genes in each data set that was composed of greater than 50 genes showing greater than 25% correlated expression. We defined the DTF-like case cluster as the cluster of cases showing high levels of expression of the DTF core gene cluster and exhibiting greater than 10% correlated expression. After applying these rules, we defined the 'DTF core gene set' as being composed of genes that are present on the microarray platform in at least two data sets and present in the DTF core gene cluster in either all data sets (if gene was 
Analysis of Clinicopathological Variables
In the data sets examined, the measured survival outcomes included disease-free survival (Perreard, GSE1379, GSE1456, combined n ¼ 294), disease-specific survival (GSE1456, GSE3494, combined n ¼ 395), and overall survival (Perreard, GSE1456, combined n ¼ 234). The Kaplan-Meier estimate was used to compute survival curves, and log-rank P-value was computed to assess statistical significance. Cox proportional hazard analysis was performed to calculate hazard ratios. For association analysis, Pearson w 2 -test was used for nominal variables and the Kendall's tau-b for ordinal variables. To compare ordinal or ratio variables in two independent groups, either Mann-Whitney U-test or Student's t-test was performed. Statistical computation was performed using SPSS 15.0 for Windows.
Evaluation of DTF Core Protein Localization in Breast Cancer Tumor Microenvironment
To determine the patterns of DTF core protein expression in the breast cancer tumor microenvironment, we performed immunohistochemistry on three breast cancer TMAs (TA108, TA221, and the Vancouver General Hospital TMA) containing samples from a total of 745 cases of breast cancer. TA108 contains samples from 24 cases of breast carcinoma, as described by West et al. 15 The Vancouver General Hospital TMA contains samples from a cohort of 438 sequential cases of invasive breast carcinoma with median follow-up of 15.4 years, as described by Makretsov et al. 27 TA221 contains samples from 283 breast carcinomas obtained from Stanford University Medical Center. Immunohistochemical studies were performed for three DTF core proteins, SPARC, CSPG2, and AEBP1. To select DTF markers for evaluation by immunohistochemistry on breast cancer TMAs, we identified genes that were most consistently present in the DTF core cluster and showed the highest degree of correlated expression over all the data sets. Out of this list of candidates, we identified SPARC, CSPG2, and AEBP1 as three markers with commercially available antibodies that performed well in immunohistochemistry on formalin-fixed paraffin embedded tissue. Detailed information on the antibodies used, staining procedure, and scoring technique can be found in the Supplementary Information. The institutional review board approved these studies.
Functional Gene-Set Analysis
To determine the functional significance of gene sets, we used DAVID (Database for Annotation, Visualization, and Integrated Discovery), which integrates gene and protein annotation information from several databases. 28 To evaluate the properties of the protein-protein interaction (PPI) networks encoded by the DTF non-core and DTF core gene sets, we used STRING 7.0 resource, which is a searchable database of known and predicted PPIs. 29 To generate PPI networks, gene sets were uploaded into STRING and the following active prediction methods were employed: neighborhood, coexpression, gene fusion, experiments, co-occurrence, database, and text mining, with a medium confidence score (0.400). The Cytoscape software platform 30 was used to visualize the PPI networks, and the Cytoscape plug-in Network Analyzer 2.5 was used to evaluate the topological characteristics of the networks (http://med.bioinf.mpi-inf. mpg.de/netanalyzer/).
RESULTS
In our initial study, we observed that a large cluster of genes, which are highly expressed in the fibroblastic tumor DTF, showed elevated coordinated expression in a subset of breast cancers from the NKI data set. We now identify the core set of DTF genes that are consistently coordinately expressed in DTF-like cases of breast cancer, by evaluating the NKI data set and four additional independent data sets from separate institutions.
Identification of DTF Core Gene Set and DTF-like Breast Cancer Cases
Following unsupervised hierarchical clustering of the breast cancer cases with the DTF and SFT gene sets, in each data set we noted a tight cluster of DTF-associated genes that were coordinately expressed at high levels in a subset of breast cancers, representing the DTF core gene cluster and the DTFlike breast cancer case cluster (Figure 1a-d) . To objectively identify the DTF core gene cluster in each data set, we chose the single cluster of genes containing greater than 50 genes and showing greater than 25% correlated expression. In each data set, only a single cluster of genes fulfilled this criterion, and this cluster was highly enriched for DTF genes (86-95% in each data set, 91% overall). The size of the DTF core gene cluster ranged from a minimum of 70 genes (23% of DTF/ SFT gene set present on the NKI data set) to a maximum of 111 genes (30% of DTF/SFT gene set present on GSE1456 data set), and overall accounted for 25% of the DTF/SFT gene set present on the arrays. On the basis of these analyses, we defined the 'DTF core gene set' as being composed of the genes that are present in the DTF core gene cluster in all data sets (if the gene was present on the microarray platform in only 2-3 of data sets) or absent in only one data set (if gene was present on the platform in 4-5 data sets). The resulting DTF core gene set contains 66 genes (64 DTF-associated genes and 2 SFT-associated genes) that were consistently coordinately expressed in a subset of breast cancers across five independent data sets (Supplementary Workbook). We defined the DTF-like breast cancer case cluster as the cluster of cases that demonstrated greater than 10% correlation and increased levels of expression of the DTF core gene cluster. This technique identified a consistent subset of 25-35% of the breast cancer cases in each data set (Figure 1a-d) . These findings confirm that across multiple independent breast cancer data sets, a quarter to one-third of breast cancers show high levels of coordinated expression of a consistent core subset of DTF genes.
When evaluating expression of the SFT genes in the breast carcinoma data sets by unsupervised hierarchical clustering, we did not see a cluster of SFT-associated genes that was as distinct as the DTF gene cluster. The SFT genes tended to show smaller clusters of coordinately expressed genes in small separate clusters of breast cancer cases (Figure 1a-d) . The heterogeneous pattern of expression of SFT-associated genes in breast carcinoma made it difficult to identify SFT-enriched cases of breast cancer by unsupervised hierarchical clustering in an objective reproducible manner across data sets, as was achievable with the DTF gene signature. Consequently, in the current paper, we have focused exclusively on defining the core genes, protein localization, and biological and prognostic features of the DTF stromal signature.
Clinical Features of DTF-like Breast Carcinomas
The DTF-like cases of breast cancer tended to be lower grade than the non-DTF cases (31% grade 1, 47% grade 2, 22% grade 3 in DTF-like cases vs 19% grade 1, 42% grade 2, and 39% grade 3; Mann-Whitney U ¼ 53434.5, Z ¼ À5.0, P ¼ 0.0000006). Patients with DTF-like tumors tended to be younger (52.1 years with DTF-like tumors vs 54.9 years; P ¼ 0.011). The DTF-like tumors were more likely to express estrogen receptor (89% in DTF-like tumors vs 75%; P ¼ 0.00004) and showed significantly improved outcomes in disease-free survival (75% at 10 years vs 53%; log-rank P ¼ 0.0004; HR ¼ 0.372, 95% CI ¼ 0.210-0.657, Wald P ¼ 0.001), disease-specific survival (82% at 10 years. vs 73%; log-rank P ¼ 0.049; HR ¼ 0.607, 95% CI ¼ 0.367-1.00, Wald P ¼ 0.051), and overall survival (83% at 8 years vs 65%; logrank P ¼ 0.014; HR ¼ 0.432, 95% CI ¼ 0.217-0.858, Wald P ¼ 0.017) (Figure 2 ). The DTF-like tumors showed no significant difference in mean tumor size (22.1 mm for DTF-like tumors vs 22.8 mm; P ¼ 0.477) or frequency of lymph node metastasis (43.7% for DTF-like tumors vs 42.5%; P ¼ 0.786).
Molecular Subtype Characteristics of DTF-like Breast Carcinomas
The NKI, Perreard, and GSE1456 data sets have previously been stratified by others into molecular subcategories based on initial gene expression studies by Perou, Sorlie, and coworkers (basal, ERBB2 þ , luminal A, luminal B, normallike). 31, 32 The cases were classified as 'N/A' if gene expression profile did not show sufficient correlation with one of the molecular subtypes. Combining information on molecular subtyping from the three different data sets showed the DTF core cases to be significantly less likely to be luminal B (7% in DTF-like cases vs 18%, P ¼ 0.001) or basal (5% in DTF-like cases vs 24%, P ¼ 0.00000009), and more likely to be normallike (18% in DTF-like cases vs 5%, P ¼ 0.000001) or N/A (35% in DTF-like cases vs 18%, P ¼ 0.00003). There was no significant difference in the frequency of ERBB2 þ or luminal A molecular subtypes between the two groups.
Chang et al 33 defined a 'wound response signature' based on gene expression profiling of fibroblasts exposed to serum. On the basis of the expression of 'core serum response genes,' the investigators defined two expression patterns ('quiescent' and 'activated') and demonstrated that breast cancer cases with the 'activated' expression pattern show worse prognosis across multiple different cancer types, including breast. 14, 33 In the NKI data set, the DTF-like cases were significantly more likely to show a 'quiescent' pattern of gene expression (80% in DTF-like cases vs 47%; P ¼ 0.00000004). There is little overlap of the DTF core gene set with the core serum response gene set (only three DTF core cluster genes (LUM, SDC1, and ID3) are present in the unique core serum response gene set (3 of 531 (0.6%)).
Van't Veer et al used a supervised analysis of gene expression data to define a '70-gene prognosis signature' that was a significant predictor of prognosis in the NKI breast cancer data set. 18, 34 In the NKI data set, the DTF-like cases of breast cancer were significantly more likely to be classified as 'good prognosis' by the 70-gene signature (52% in DTF-like cases vs 33% for non-DTF core cases; P ¼ 0.003). There is only 1 gene (WISP1) in common between the 70-gene prognosis signature and the DTF core gene list.
The GSE3494 data set contains information pertaining to the p53 mutation status of 251 cases of breast carcinoma. From this data set, Miller et al 26 defined a p53 expression signature and used diagonal linear discriminant analysis to classify cases according to the signature. Whereas DTF core cases showed no significant correlation with p53 mutation status, there was a negative correlation with the p53 mutation gene signature (19% of DTF-like cases enriched with signature vs 33%; P ¼ 0.033), suggesting that high expression of the DTF core gene set is inversely correlated with a gene expression pattern seen in the setting of p53 mutations. To investigate the cellular localization of DTF core proteins in the breast cancer tumor microenvironment, we evaluated the protein expression of a selection of DTF core proteins on multiple breast cancer TMAs (n ¼ 745). We first evaluated the stromal expression of three DTF core proteins (SPARC, CSPG2, AEBP1) by immunohistochemistry on TA108, which is a TMA that contains representative 2 mm cores from 24 breast cancers. Integrating these immunohistochemistry results with those from RNA in situ hybridization of a DTF core gene measured in our prior study (POSTN (OSF2)) demonstrated that 9 of 24 cases of breast carcinoma showed stromal expression of at least three of the four DTF core markers (Figure 3a) . The DTF core proteins showed distinct patterns of expression within the breast cancer tumor microenvironment, with the CSPG2 (versican) labeling protein in the extracellular compartment throughout the tumor stroma (Figure 3b ). This finding is consistent with CSPG2's role as a large extracellular matrix proteoglycan involved in cell adhesion, migration, proliferation, and ECM assembly. 35 In contrast to CSPG2's pan-stromal extracellular pattern of protein expression, SPARC expression was localized primarily to the cytoplasm of peri-tumoral fibroblasts and endothelial cells (Figure 3b ). This finding is consistent with SPARC's known function as a matricellular protein expressed at high levels in many types of cancers by cells associated with tumor stroma and vasculature. 36 AEBP1, which is a transcriptional repressor whose expression is abolished during differentiation of pre-adipocytes into mature adipocytes, 37 showed staining of a combination of epithelium and peritumoral stroma (Figure 3b) .
We examined the expression patterns of two DTF core proteins, SPARC and CSPG2, on a larger TMA containing 0.6 mm cores from a total of 283 breast carcinomas. For SPARC, of the interpretable cases 54 of 257 (21%) cases showed strong stromal staining, 115 of 257 (45%) showed weak stromal staining, and 88 of 257 (34%) showed no stromal staining. For CSPG2, of the interpretable cases 60 of 256 (23%) cases showed strong stromal staining, 108 of 256 (42%) showed weak stromal staining, and 88 of 256 (34%) showed no stromal staining. The SPARC and CSPG2 staining patterns showed significant degree of correlation (Kendall's tau-b ¼ 0.350, P ¼ 2.76eÀ013). SPARC and CSPG2 showed strongly discordant staining (strong vs negative) in only 11 of the 243 cases (4.5%) in which both stains were interpretable. Of the 243 cases with interpretable cores for both SPARC and Figure 2 Kaplan-Meier survival curves for breast cancer cases stratified by expression of DTF-associated genes. In each plot, the cases are stratified according to their presence in the DTF-like cluster of breast cancer cases. The Kaplan-Meier survival curves plot (a) disease-free survival, (b) disease-specific survival, and (c) overall survival. Disease-free survival data were available for 294, disease-specific survival data for 395, and overall survival data were available for 234 patients. The Kaplan-Meier survival curves are compared by Cox-Mantel log-rank test to assess statistical significance. The x-axis indicates time from diagnosis and the unit of measurement is years. The y-axis indicates cumulative probability of survival.
Fibromatosis stromal signature in breast carcinoma AH Beck et al CSPG2, 24 of 243 cases (10%) showed coordinate strong stromal staining of the two proteins.
SPARC Protein Expression and Disease-Specific Survival
We evaluated the stromal expression of SPARC on the Vancouver General Hospital TMA, which contains representative cores from 438 cases of invasive breast cancer with median follow-up of 15.4 years, as described in Makretsov et al. 27 Of the 364 interpretable cases of unilateral invasive breast carcinoma, 80 (22%) showed strong diffuse stromal SPARC staining, 151 (42%) showed weak SPARC stromal staining, and 133 (37%) showed no staining. The 80 cases showing strong SPARC stromal staining showed a trend for increased disease-specific survival in univariate analysis (75% survival at 20 years vs 60% in SPARC weak or negative cases; log-rank P ¼ 0.085; HR ¼ 0.652, 95% CI ¼ 0.399-1.065; Wald P ¼ 0.087) (Figure 4) . A Cox multivariate analysis incorporating lymph node status, tumor size, and SPARC staining showed no significant association of SPARC with disease-specific survival in the multivariate model (SPARC multivariate HR ¼ 0.673, 95% CI ¼ 0.38-1.19; P ¼ 0.175).
The trend for improved disease-specific survival with strong SPARC expression in the univariate analysis is similar to that seen in the gene expression data for the DTF-like cases of breast cancer (82 vs 73% at 10 years; log-rank P ¼ 0.049; HR ¼ 0.607, 95% CI ¼ 0.367-1.00, Wald P ¼ 0.051), although statistical power is less in the TMA data, due, in part, to smaller sample size.
Biological Relationships in the DTF Core Gene Set
The DTF core gene set is highly enriched for genes encoding proteins involved in diverse aspects of extracellular matrix structure and function, including collagens, proteins involved in collagen binding, proteins involved in calcium ion binding, proteins involved in cell-cell adhesion, and proteins involved in cell-surface receptor-linked signal transduction regulation (Supplementary Workbook). KEGG pathways enriched in the DTF core gene set include extracellular matrix-receptor interaction, focal adhesion, and cell commu- Fibromatosis stromal signature in breast carcinoma AH Beck et al nication. The DTF core gene set contains CTGF, which is known to be expressed by stromal cells and serves multiple functions, including interaction with integrin receptors and growth factors such as TGF-b. 38 The DTF core gene list contains several members of the TGF-b signaling-family (THBS2, ID3, INHBA, FBN1), and the list contains genes involved in Wnt signaling (WISP1, WNT2, DKK3, SDC1). Dysregulation of Wnt signaling and increased levels of stabilized b-catenin have been shown by others to play central roles in the pathogenesis of DTF, [39] [40] [41] [42] and the Wnt system has been shown to play a potential role in both fibroblastic differentiation 43 and in mammary gland development and breast carcinogenesis. 44 These functional annotation data support the hypothesis that the DTF core gene list encodes stromal proteins involved in common functional modules in a subset of breast cancers.
We constructed PPI networks for the 46 DTF core proteins and 107 DTF non-core proteins with available PPI data from the STRING database. 29 In these networks, a link is formed between two proteins if they share a predicted functional interaction. This analysis shows that the network created by the DTF core proteins contains more links per node (3.4 vs 1.8, P ¼ 0.002) than the network created by the DTF noncore proteins ( Figure 5 ). The DTF core network contains eight proteins (SDC1, BGN, FN1, COL3A, COL1A2, SPARC, COL1A1, CTGF) with greater than seven links to other proteins, whereas the non-DTF core network contains no proteins with greater than seven links ( Figure 5 ). These findings support the hypothesis that the DTF core genes encode proteins showing a higher degree of biological interrelatedness and a greater likelihood of being involved in a common biological pathway as compared with the non-core DTF genes.
DISCUSSION
Breast cancer is a clinically and biologically heterogeneous disease. 31, 32 Breast carcinogenesis results from the acquisition of genetic mutations in the epithelium and the attainment of a tumor micro-environment that provides key growth factors and physical interactions to facilitate tumor initiation and progression. 45, 46 Despite the knowledge that the stroma in breast cancer adopts certain characteristic features (such as increased numbers of fibroblasts, increased capillary density, increased type-I collagen and fibrin deposition, and increased fibroblastic expression of a-smooth-muscle actin and stroma-derived factor-1), the contribution of inter-patient stromal variability to the biological and clinical heterogeneity of breast cancer remains poorly understood. 6, 7 Major hurdles in the study of cancer stroma involve the cellular complexity of the tumor microenvironment, both in modeling the microenvironment and isolating pure populations of stromal cell types. 4, 6, 17 A novel approach developed in our laboratory is the use of gene expression profiles of soft-tissue tumors to investigate different stromal response types in carcinomas. In a proof-of-principle study, we used gene expression profiles from two fibroblastic soft-tissue tumors (DTF and SFT) to identify distinct stromal reaction patterns in breast cancer. 15 Using a single breast cancer gene expression data set, we demonstrated that a subset of breast cancers show increased coordinated expression of DTF-associated genes and that these breast cancers demonstrate significantly improved survival.
Due to high dimensionality of gene array data, associations between elevated levels of expression for a group of genes with outcome should be interpreted with caution. 19 In fact, results from a number of expression profiling studies could not be reproduced on separate data sets. 20 In the current study, we sought to confirm the robustness and validity of the DTF gene-expression signature in breast cancer and to identify the core subset of DTF genes that are consistently and coordinately expressed in breast cancer. In this study, we demonstrate in four additional independent data sets that the DTF-like stromal response occurs in between 25-35% of invasive breast cancers. We show that over the four data sets this stromal response is associated with lower tumor grade, increased expression of estrogen receptor, and improved survival. In addition, we show that the DTF core signature is significantly associated with multiple independent gene-expression signatures that confer improved prognosis (70-gene 'good prognosis' signature, 'quiescent' core serum response signature) and negatively correlates with others conferring poor prognosis (basal and luminal B molecular subtypes, p53 mutation signature). Fibromatosis stromal signature in breast carcinoma AH Beck et al Although breast cancer cases identified by the DTF core signature are significantly correlated with those identified by a variety of other gene-expression signatures, the DTF core signature is unique in that it highlights patterns of gene and protein expression seen primarily in the tumor stroma and not in the carcinoma cells. Consequently, there is very little overlap between the DTF core gene set and the genes identified in other molecular signatures.
The coordinate expression and cellular localization of DTF core proteins was demonstrated on breast cancer TMAs using four genes for which antibody or in situ probes are available.
Importantly, a further demonstration of the prognostic significance of the DTF gene set was offered by the finding that a single marker (SPARC) showed a trend for improved survival when tested on a breast carcinoma TMA with clinical followup. SPARC has been shown to be frequently expressed in the juxtatumoral stroma in breast cancer and tends to be absent from stroma of non-neoplastic breast tissue. 47, 48 There have been conflicting reports in the literature as to the prognostic significance of SPARC expression in breast carcinoma, with reports demonstrating that increased SPARC expression by epithelial cells in breast carcinoma is associated with Fibromatosis stromal signature in breast carcinoma AH Beck et al decreased survival 49 and increased propensity for lung metastasis, 50 and other reports showing that endogenous SPARC expression inhibits MDA-MB-231 breast cancer cell metastasis by reducing cancer cell invasive activity and tumor cellplatelet aggregation. 51 Bergamaschi et al 13 recently defined extracellular matrix signatures based on evaluating the gene expression profiles of 278 extracellular matrix-related genes derived from the literature, and found SPARC upregulation to be associated with improved outcome in breast cancer. The findings from our study support those of Bergamaschi et al and suggest that SPARC is a core member of the DTF-like stromal response seen in breast cancer and associated with improved prognosis.
While stromal gene expression pattern seen in DTF-like cases of breast cancer shares similarities with the gene expression pattern seen in DTF, only a subset of genes highly expressed in DTF consistently show coordinate high levels of expression in DTF-like cases of breast cancer. In the current study, we have used a total of five breast cancer data sets as 'filters' to identify those core DTF genes that define a distinct stromal gene expression pattern in breast carcinoma.
Computational molecular interaction studies can be useful to uncover biological relationships and functional properties of gene sets derived from genome wide studies. 52, 53 We have used PPI network analysis to demonstrate that the PPI network created with the DTF core gene set contains significantly increased number of connections per protein as compared with the PPI network created by the non-core DTF proteins ( Figure 5) . Functional gene set analysis shows that the DTF core gene set is highly enriched for proteins involved in diverse aspects of extracellular matrix structure and function (Supplementary Workbook). These findings suggest that soft-tissue tumors can be used to define relatively large gene sets characteristic of the cell type from which the softtissue tumor arises, and carcinoma gene expression data sets can then be employed to identify the core subset of genes that are likely to be involved in common functional modules in regulation of the carcinoma microenvironment.
Several reports posit that a histopathologically defined desmoplastic 'fibrotic focus' correlates with poor prognosis in breast cancer. 54 Our findings suggest that the DTF-like stromal response, which contains profibrotic growth factors (eg, CTGF) and extracellular matrix constituents typically associated with a desmoplastic response (eg, type-I collagens, fibronectin, SPARC), is associated with improved prognosis in breast cancer. Bergamaschi et al 13 stratified breast cancers by differences in extracellular matrix gene expression and found no significant difference in stroma morphology between the molecularly defined sub groups. It is conceivable that several distinct molecular pathways result in adoption of a fibrotic appearance to the tumor stroma, and additional research will need to be undertaken to further evaluate the relationship between molecular and morphological changes seen in the breast cancer tumor microenvironment.
Our data demonstrate that a gene set defined by a softtissue tumor can be used as a genome-wide search tool to obtain information about gene and protein expression patterns in the microenvironment of breast carcinoma. The elucidation of a distinct stromal gene expression pattern in breast cancer that correlates with molecular and clinicopathologic features of the tumor, advances our knowledge of the biology of the breast cancer tumor microenvironment and provides a valuable resource for future research in this area. This study provides the framework for future studies to evaluate the molecular events that cause certain breast cancers to adopt a DTF-like stroma, and to demonstrate how this particular stromal response type affects tumor cell behavior. It is envisioned that this methodology will be applied to other soft-tissue tumor subtypes to define additional stromal signatures, which can then be evaluated in the tumor microenvironment of carcinomas from a variety of organ systems (eg, prostate, ovary, colon, and pancreas). Ultimately, it is hoped that discovery of genes and proteins playing a concerted role in the tumor stroma will facilitate discovery of therapeutic agents to target and manipulate particular stromal subtypes in the treatment of cancer. 38 Supplementary Information accompanies the paper on the Laboratory Investigation website (http://www.laboratoryinvestigation.org)
